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Abstract. Multi-wavelength studies at radio, infrared, optical. X-ray, and TeV wavelengths have discovered probable 
counterparts to many Galactic sources of GeV emission detected by EGRET. These include pulsar wind nebulae, high mass 
X-ray binaries, and mixed morphology supernova remnants. Here we provide an overview of the observational properties of 
Galactic sources which emit across 19 orders of magnitude in energy. We also present new observations of several sources. 
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ALL ACROSS THE 
ELECTROMAGNETIC SPECTRUM 

For many years, the Crab nebula was the only Galac- 
tic source detected across the entire spectrum, from ra- 
dio to TeV energies 1 1]. The EGRET telescope on board 
the Compton Gamma-Ray Observatory detected dozens 
of Galactic sources at GeV energies | 2], most of which 
were not firmly identified by the end of the mission. 
Since then, multi-wavelength studies of the EGRET er- 
ror boxes at radio optical and X-ray wavelengths have 
discovered probable counterparts for most of the sources 
bright above 1 GeV, most of them the products of su- 
pernovae (pulsars, pulsar wind nebulae (PWN), and su- 
pernova remnants (SNR), Jsl]). Furthermore, surveys of 
the Galactic plane by HESS, MILAGRO, and VERITAS 
(among others) have discovered TeV emitting regions 
which can plausibly be associated with many of these 
sources. Here we provide an overview of the observa- 
tional properties of sources which emit across 19 orders 
of magnitude in energy. 



YOUNG PULSARS AND PULSAR WIND 
NEBULAE 

Young spin-powered pulsars were the only firmly iden- 
tified (through their pulsations) class of Galactic GeV 
sources during the EGRET era. Pulsed emission from the 
longest radio wavelengths up to a few tens of GeV has 
been detected, although in general the 7— ray cut-off for 
pulsed emission seems to be in the few GeV range [see 
4, for a general review of pulsar and pulsar wind nebu- 
lae properties] . The winds of young pulsars create nebu- 
lae which emit synchrotron radiation from radio through 
soft gamma-rays, and through inverse Compton scatter- 
ing produce photons with energies up to tens of TeV. The 
transition from synchrotron to inverse Compton emission 
in PWN seems to be in the ~ 0.01 — 1 GeV range, al- 
though only for the Crab and Vela is the synchrotron cut- 
off energy fairly well established. The cut-off energies 
of both the pulsed and PWN emission should be greatly 
constrained by the Fermi (formerly known as GLAST) 
LAT over the coming years. 



Inverse Compton (IC) emission is a very efficient 
means of producing high-energy photons from an accel- 
erated particle with a large fraction of the electron en- 
ergy transferred to the seed photon in a single scatter. 
The peak of the IC emission is typically 5-10 orders of 
magnitude higher in energy than the corresponding syn- 
chrotron radiation. It is also not dependent on magnetic 
field strength, and so can produce significant amounts of 
radiation even in regions with very low magnetic field 
strength. The implication of this for emission from PWN 
is that the synchrotron lifetimes of the IC emitting elec- 
trons can be very long, and it is not necessarily the case 
that where the synchrotron emission is bright, the IC 
emission is bright. In fact, it is typically the case that 
the TeV emission is significantly offset from the current 
position of the pulsar. This offset is caused by either the 
motion of the pulsar or the interaction of the supernova 
remnant reverse shock with the PWN. 

The MILAGRO telescope detected two previously un- 
known regions of significant emission above 10 TeV [5]: 
a complex of sources in the Cygnus region with the 
brightest peak known as MGRO J20 19+37 and another 
extended source called MGRO J1908+06. The nearest 
EGRET source to MGRO J2019+37 is GeV J2020+3658 
which is associated with the young pulsar and PWN PSR 
J2021+3651 |6], which is near the central region of the 
Cygnus cross. For this reason, and the fact that the pulsar 
was discovered with Arecibo in Puerto Rico, we some- 
times refer to it as Cisne (swan in Spanish). 

We have performed X-ray observations with XMM- 
Newton and 20cm radio observations with the VLA 
of the region around PSR J2021+3651. Outside of the 
bright inner X-ray nebula there structured hard, faint X- 
ray emission extending out ~ 10 — 15 arcminutes. The 
brightest region of this larger X-ray nebula is an exten- 
sion to the west of about 8' in length. The VLA image 
shows a radio nebula coincident with this X-ray exten- 
sion, with a suggestion of a conical morphology extend- 
ing out around 10', at which point there is a decrease in 
surface brightness and a further broadenig of the neb- 
ula. The radio nebula extends out at least 20' to the 
west, right to the center of the best fit ellipse to MGRO 
J20 19+37. This connection, for any reasonable distance 
to PSR J2021+3651 (> 6 kpc, see discussion in |6]) re- 
sults in a TeV luminosity several times that of the Crab 
nebula, making this the most luminous TeV source in the 
Galaxy. If we include the EGRET flux, the broad-band 
spectral energy distribution of the PWN would appear 
to peak in the GeV range. However, much if not most 
of the emission seen by EGRET is undoubtably magne- 
tospheric pulsed emission, therefore it is likely the syn- 
chrotron emitting PWN cuts off in the MeV range. Un- 
fortunately, VERITAS has not yet been able to confirm 
the TeV source, but should ultimately give a much more 
detailed understanding of the TeV emission and its mor- 
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FIGURE 1. XMM-Newton X-ray image of Cisne, the PWN 
around PSR J2021+3651 (for color version, red=0.5-1.5 keV, 
green=l. 5-2.5, blue=2.5-7.5) with VLA contours 
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FIGURE 2. VLA 20cm image of Cisne PWN with XMM- 
Newton X-ray contours 



phological connection to the PWN of PSR J2021+365L 
MGRO J1908+06 is near GeV J1907+0557, for which 
a potentially extended X-ray counterpart was discovered 
with ASCA [7]. A brief (10 ks) Chandra ACIS obser- 
vation showed most of the flux is from a hard (photon 
index ~ 1) moderately absorbed (nH ~ 2 x lO^^cm"^) 
point source with no compact nebula and just a faint hint 
of the larger nebula seen by ASCA. A moderately deep I 
band image with the MDM 2.4m telescope shows no ev- 
idence of an optical counterpart. Both HESS and VERI- 
TAS (see other contributions, this proceedings) have ver- 
ified and resolved the MILAGRO source, with the ASCA 
source at the southern edge. AGILE data of the region 
verifies the GeV emission is consistent with the position 
of GeV J1907+0557 and suggests the third EGRET cata- 
log source 3EG J1903+0550 was a composite of the GeV 
source and another, unrelated source. 
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FIGURE 3. Spectral Energy Distribution of Cisne. Note that 
the EGRET flux undoubtably has a significant pulsed compo- 
nent. 




FIGURE 4. GB6 4850MHz image fe] of MGRO J1908+06 
region. The white contour is the HESS source, the black con- 
tour is the ASCA 2-10 keV image (nb. that the circle is due 
to exposure correction of noise at the edge of the FOV, the 
source under discussion lies along the outside edge of the HESS 
contour) and the grey contour is the AGILE > 300 MeV image. 



Several of the unidentified EGRET sources contain- 
ing PWN appear to be variable on timescales of months 
according to the Nolan et al. (2003) variability test Jsl] 
with T = Frms/Fjnean ^ 1- This suggcsts the GeV flux 
may be partially due to particle acceleration in the inner 
nebula rather than being pulsed emisssion from the mag- 
netosphere. Some of these sources (eg. the Rabbit/GeV 
J1417-6100 and the Eel/GeV J1825-1310 nebulae, see 
flOh ) appear to emit TeV emission as well. However, 
three potentially variable GeV sources, CTA 1, GeV 
Jl 809-2327 (Taz) and SNR W44, have PWN inside of 
mixed-morphoogy SNR [11]. These supernova remnants 
have radio shells but are filled with thermal X-rays. Most 
SNR of this type also contain young pulsars with pul- 
sar wind nebulae. Two mixed-morphology SNR associ- 
ated with GeV sources, W28 and IC 443, have had TeV 
hotspots reported 03. [HI], suggesting the three contain- 
ing variable GeV sources are likely to be TeV emitters as 
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FIGURE 5. Top: ATCA 20cm image of RCW 49. Bottom: 
MSX 8.3^1 image. 



well. 

Complicating our understanding of these sources are 
their environments. Many are near molecular clouds, 
which may both enhance the the production of 7— ray 
emission by particles accelerated in pulsar winds and 
SNR shocks as well as produce 7— ray emission on their 
own. In addition, there have been a few claims of ex- 
tended TeV sources associated with massive stars or col- 
liding wind binaries contained within molecular clouds 
despite the TeV emission being somewhat offset from 
the stellar systems. One should keep in mind that the 
bright diffuse radio emission from molecular clouds can 
obscure PWN or SNR shells. We have performed ATCA 
radio imaging of one such source, the Westerlund 2 com- 
plex (also known as RCW 49) near GeV J1025-5809 
which is coincident with HESS J1023-575 [14]. While 
much of the radio emission can be associated with mid- 
infrared emission seen by MSX, there are some arcs in 
the ATCA image that do not correlate with infrared struc- 
tures. This suggests a non-thermal, i.e. SNR shell, iden- 
tification for these arcs. 



RADIO-LOUD HIGH MASS X-RAY 
BINARIES 

There are at least 3 strange radio emitting binary sys- 
tems with massive stars in eccentric orbits. PSR 1259- 



63 is a young pulsar in a 3.6 year highly eccentric orbit 
around a Be Star. Near periastron, it becomes a moder- 
ately bright unpulsed broad-band (radio-TeV) source (al- 
though not yet seen in GeV) 1 15, 16]. LSI+61 303 and 
LS 5039 are in much smaller eccentric orbits (26.5 and 
3.9 days Inlfis']) which have moderately bright hard X- 
ray emission but with luminosities about 2-3 orders of 
magnitude smaller than known accreting systems. They 
also have moderately bright and variable radio emission 
(on the order of 100 mJy) extended on milliarc second 
scales and are coincident with point sources of TeV emis- 
sion [see for an overview] . Their emission appears 
modulated at the orbital period at all frequencies. Pulsa- 
tions from LS 5039 and LSI+61 303 have not yet been 
detected. We are performing deep, high frequency pulse 
searches with the GBT. Since both of these sources are 
prime targets for the Fermi telescope, we are monitoring 
these two sources twice weekly in X-rays with RXTE. In 
addition, there are supporting optical and radio monitor- 
ing observations planned for LSI+61 303 and LS 5039 
lasting through the first year of GLAST. 



A CATALOG OF GALACTIC SOURCES 

The space here is too limited to discuss all of the mul- 
tiwavelength data of the bright Galactic GeV sources 
that EGRET detected. An online catalog of multiwave- 
length observations of Galactic EGRET sources is 
being produced by M.S.E. Roberts, and can be found at: 
[http : //www . physics . mcgill . ca/~pulsar /un 
This catalog is an expansion of the ASCA Catalog of 
Potential Counterparts of GeV source [7] and is a work 
in progress. 
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